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CROSS-REFERENCES TO RELATED APPLICATIONS 

[0001] This application is a continuation-in-part of and claims priority to United 
States Provisional Patent Application Number 60/399,096 entitled "LASER-ASSISTED 
FIELD EMISSION MICROWAVE SIGNAL GENERATOR" and filed on July 25, 2002 for 
Mark Hagmann, which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

[0002] This invention relates to microwave signal generation and more particularly 
relates to laser-assisted field emission generation of a microwave signal. 
DESCRIPTION OF THE RELATED ART 

[0003] The increasing performance demands of high-speed communications require 
the generation of electromagnetic signals at ever-higher microwave frequencies. Yet the 
physical constraints of materials and electromagnetic radiation have limited the frequencies 
of microwave signals. The output power of both vacuum tube- and semiconductor-based 
signal generators fall off sharply at frequencies above 1 terahertz. 

[0004] The operating frequencies of electronic devices have been increased by taking 

advantage of the higher switching speeds of optoelectronic devices. The Auston Switch uses 

pulsed lasers to modulate the conductivity of a photoconductive substrate such as Gallium 

Arsenide (GaAs). The laser pulse excites electrons from a valence band to a conduction 

band, changing the substrate from an insulator to a conductor. Auston Switches have 

switching times of about 500 fs, allowing them to generate extremely narrow electrical pulses 

or high-frequency signals. 
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[0005] Lasers have also been used to modulate the current in field emission devices. 
In field emission, an applied electric field reduces the potential barrier at the surface of a 
metal or semiconductor. When the potential barrier is reduced to be near the Fermi level of 
the electrons, the electrons "tunnel" from the metal or semiconductor. The tunneling 
electrons create an electric current. The tunneling electron current can be modulated by laser 
radiation. The response time of tunneling electron current to a laser pulse can be as brief as 2 
fs, less than one per cent of the response time of the photoconductive substrate in an Auston 
Switch, making laser-modulated field emission-based devices ideal for microwave signal 
generation. 

[0006] A laser-assisted field emission signal generator must drive a load with a 
typical input impedance of about 50 Yet the impedance of the field emission device is 
much higher. Unless the high impedance of the field emission device is matched with the 
low impedance of the load, a laser-assisted field emission signal generator cannot produce a 
usefiil signal. 

[0007] What is needed is a process, apparatus, and system that generates a microwave 
signal using a laser-assisted field emission device. Beneficially, such a process, apparatus, 
and system would generate a high-frequency, tunable microwave signal. The process. 



CZ) 



apparatus, and system would fiirther couple the high impedance of the field emission to a 
lower output impedance. 
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BRIEF SUMMARY OF THE INVENTION 
[0008] The present invention has been developed in response to the present state of 
the art, and in particular, in response to the problems and needs in the art that have not yet 
been fully solved by currently available laser-assisted microwave signal generators. 
Accordingly, the present invention has been developed to provide a process, apparatus, and 
system for generating microwave signals that overcome many or all of the above-discussed 
shortcomings in the art. 

[0009] A device of the present invention is presented for generating microwave 
signals using a laser-assisted field emission. The device is provided with an evacuated 
chamber, a source electrode, a collector electrode, a laser, an impedance match circuit, and a 
connector. The source electrode is negatively biased, reducing tlie potential barrier of the 
source electrode. The laser radiates the source electrode, further lowering the potential 
barrier of the source electrode and allowing electrons to tunnel from the surface of the source 
electrode as a ttmneling electron current. 

[0010] The impedance match circuit couples the tunneling electron current of the 
source electron to the connector, altering the high impedance of the source electrode to the 
target impedance of the connector. 

[0011] The apparatus, in one embodiment, is configured with a coaxial tapered 
impedance match circuit. The tapering of the coaxial conductor alters the impedance of 
source electrode to match the target impedance of the connector. In an alternate 
embodiment, the apparatus maybe configured with coplanar transmission line strips to match 
the impedance of the source electrode with the cormector. 

[0012] In a fiirther embodiment, the apparatus is configured with coplanar 
transmission lines. The transmission lines are separated by a conducting stripline. The 
transmission lines are negatively biased with respect to the conducting stripline. 

[0013] An impedance match circuit of the present invention is also presented for a 
laser-assisted field emission signal generator. The impedance match circuit couples the 
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tunneling electron current of the high-impedance source electrode to a lower-impedance 
connector. 

[0014] In one embodiment, the impedance match circuit is configured as a tapered 
coaxial transmission line. In an alternate embodiment^ the impedance match circuit is 
configured as coplanar transmission lines. 

[001 5] The present invention enables the tunneling electron current of a laser-assisted 
field emission device to be coupled through a connector. The invention further provides a 
device for generating laser-tunable microwave signals. These features and advantages of the 
present invention will become more fully apparent from the following description and 
appended claims, or may be learned by the practice of the invention as set forth hereinafter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] In order that the advantages of the invention will be readily understood, a 
more particular description of the invention briefly described above will be rendered by 
reference to specific embodiments that are illustrated in the appended drawings. 
Understanding that these drawings depict only typical embodiments of the invention and are 
not therefore to be considered to be limiting of its scope, the invention will be described and 
explained with additional specificity and detail through the use of the accompanying 
drawings, in which: 

[0017] Fig. 1 is a diagram of a laser-assisted field emission microwave signal 
generator; 

[0018] Fig. 2 is an equivalent circuit of a laser-assisted field emission microwave 
signal generator, including an L-section narrow-band impedance matching circuit; 

[0019] Fig. 3 is a diagram of a laser-assisted field emission microwave signal 
generator, including a wide-band impedance matching circuit using an autotransformer; 

[0020] Fig. 4 is a diagram of a laser-assisted field emission microwave signal 
generator, including a coaxial tapered impedance matching circuit. 

[0021] Fig. 5 is a diagram of a laser-assisted field emission microwave signal 
generator, including a coplanar stripline and a tapered impedance matching circuit; 

[0022] Fig. 6 is a diagram of a laser-assisted field emission microwave signal 
generator, including a balanced coplanar stripline and a tapered impedance matching circuit; 
and 

[0023] Fig. 7 is a diagram of a laser-assisted field emission system using mirrors to 
reflect the radiation energy for intracavity operation. 
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DETAILED DESCRIPTION OF THE INVENTION 



[0024] When electromagnetic energy from a source such as a laser irradiates an 
electron-emitting tip that is DC biased at a high negative potential in vacuum, electrons are 
emitted from the tip by a process that is called laser-assisted field emission. In some 
applications, more than one laser may be used to irradiate the electron-emitting tip to cause 
laser-assisted field emission. The relationship of the current of the emitted electrons to the 
magnitude of the electric field of the radiation, which may be modeled as shown below, has a 
characteristic that is similar to the relationship of the current to the applied potential 
difference in a mixer diode. 

[0025] The non-linear dependence of the field emission current on the magnitude of 
the total electric field at the electron-emitting tip may be represented by an expanded Taylor 
series as shown in the following equation: 




d'l (AEf 

».i L- 



Equation 1 




[0026] Thus, for a specific value of Eq, with I AE I «| Eq I , Equation 2 applies. 



Equation 2 
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[0027] Wherein, Eo is the magnitude of the applied static field, and AE is the 
magnitude of the electric field vector of the radiation. For the case that the radiation is 
produced by two lasers having different fi-equencies, wherein, Ei and E2 represent the 
magnitude of the electric field, and coi and 0)2 represent the angular fi-equency of the radiation 
from the first and second lasers, respectively. 



Equation 3 



[0028] Substituting Equation 3 into Equation 2 gives the following result: 

^ = ^ + f (^1' + ^2 ) + AE, cos{o),t) + AE^ cos {oj^t)^^ cos {2a),t) 
^ 2 

' cos{2o)2t) + BE^E^ cos [{ca, + ) ^ ^ ^^1^2 cos [{o), -o)^^] 



+ 



BE^ 



Equation 4 

[0029] If the response of the circuit that is connected to the electron-emitting tip 
and the anode is limited to frequencies less than coi and ©2 then Equation 4 may be 
simplified to give the following expression for the total current: 



I = Io-^^{Ef+El)-^BE,E2COs[{co,-o)2)t] 



Equation 5 

[0030] The characteristics of the field emission current that are shown in Equations 1 - 
5 indicate that laser-assisted field emission has many applications. In one application, the 
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radiation from a single laser may be switched on and off at switching times as short as a few 
femptoseconds using known optical techniques. The single laser may be used to gate the 
field emission current because, as shown in Equation 5, the current is proportional to the 
square of the magnitude of the electric field of the radiation (e.g., Ei). Switching the first 
laser switches the electric field of the radiation from the first laser between 0 and Ei, thereby 
gating the field emission current. Note, however, that because a single laser is used, the third 
term of Equation 5 is zero so no difference-frequency signal is generated when only one laser 
is used. 

[0031] In another application, the amphtude of the radiation (e.g., Ei) from a single 
laser may be amplitude modulated to modulate the field emission current. Referring again to 
Equation 5, the field emission current is proportional to the square of the magnitude of the 
electric field of the radiation (e.g., Ei), which in this case is amplitude modulated between a 
minimum value of 0 and a maximum value of E| . Accordingly, amplitude modulation of the 
radiation causes amplitude modulation of the field emission current. 

[0032] In a third application, two lasers that generate radiation in which the 
magnitudes of the electric field are Ei and E2 and the frequencies are ©1 and ©2, respectively, 
may be used to perform optical mixing, wherein the frequency of the output signal is equal to 
the difference between the two optical frequencies (e.g., coi and ©2), as shown in Equation 5. 
Additionally, in a similar configuration, laser-assisted field emission may be used as a 
heterodyne receiver that receives radiation from a transmitter and downconverts this 
radiation to an intermediate radio frequency by using a local optical field. 

[0033] Experimentation and simulations have revealed a quantum resonance in the 
interaction of tunneling electrons with electromagnetic radiation. This resonant interaction 
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causes the effect of a laser on the emitted current to be approximately 30 dB greater than the 
effect of time-dependent fields at much lower frequencies. The mechanism for this 
resonance is reinforcement of the quantum wave fimction by reflections at the classical 
tuming points for electrons in the potential barrier. Thus, for the case of a square potential 
barrier, the resonance occurs when an electron is promoted above the potential barrier by 
absorbing one quantum from the radiation field such that the length of the barrier is an 
integral multiple of one-half of the DeBroglie wavelength. In laser-assisted field emission 
the wavelength of the radiation for resonance depends on the applied static field and the 
material used for the electron-emitting tip. For example, with a tungsten electron-emitting 
tip at room temperature the resonance occurs at a wavelength of 500 nanometers (nm) with 
an applied field of 6 V/nm, and at a wavelength of 400 nm with an applied field of 5 V/nm. 

[0034] By way of example, the laser-assisted field emission microwave signal 
generator of the present invention will be described as having a source electrode with a 
pointed electron-emitting tip, and an anode or collector electrode, both sealed within an 
evacuated chamber. A DC voltage source is connected between the electron-emitting tip 
and the collector to create a static field. In accordance with the present invention, the 
electron-emitting tip is irradiated with radiation from one or more sources such as lasers, 
which causes the electric vector of the radiation to be superimposed on the applied static 
field, thereby changing the height of the potential barrier that electrons must overcome to be 
emitted from the surface of the tip. Thus, the time-averaged probability of electron emission 
by quantum tunneling is increased and the instantaneous probability is made to oscillate. The 
radiation causes a rapid variation in the emitted current, to create a signal at the surface of the 
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electron-emitting tip. The power of this signal at the electron-emitting tip is proportional to 

the square of the static current and the square of the power flux density of the radiation. 

[0035] It is desirable to use the signal caused by the rapid variation in the emitted 

current in various applications such as microwave signal generators. The DC bias or static 

field, between the electron-emitting tip and the collector is typically hundreds or thousands of 

volts, which causes a current due to the field emission of electrons. For example, in one 

application, an electron-emitting tip is biased at 1,000 V with respect to a collector, which 

resuhs in a field emission current of approximately 1 microampere (jaA). The beam 

impedance of a field emission device is defmed as the DC bias voltage divided by the field 

emission current that results fi-om the DC bias. For the above-noted example, therefore, the 

beam impedance would be approximately 1,000,000,000 Ohms (Q). Most equipment in the 

electronics industry has an impedance that is much lower than the beam impedance, a typical 

value being 50 Q. Accordingly, an impedance matching device must be used to efficiently 

couple signals from a laser-assisted field emission system having a large beam impedance to 

electronics equipment having a much lower impedance such as 50 Q. It is unusual to 

require impedance matching over such a large range of range of impedances. 

^ [0036] Turning now to the figures. Fig. 1 is a diagram of a laser-assisted field 
w 

^ 1 3 emission microwave signal generator 10 that includes a field emission tube 12 that is 

^^^3 connected to a DC bias voltage supply 14 through an RF choke 15. The RF choke 15 

o ^ 

^ 1 8 w prevents high fi-equency signals fi-om entering the DC bias voltage supply 1 4. The RF choke 

^ ^ 15 may be an inductor or alternatively it may be an abrupt change in the impedance caused 

by changing the conductor width or diameter. The laser-assisted field emission microwave 
signal generator is connected to an impedance matching circuit 16 through a coupling 
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capacitor 17, which prevents the voltage from the DC bias supply 14 from entering the 
impedance matching circuit 1 6, while at the same time providing a low impedance path for 
the high frequency signals. The coupling capacitor 1 7 connects the high frequency signals to 
a coaxial connector 18. The field emission tube 12 is an evacuated glass enclosure that 
contains an electron-emitting tip 20 and a collector 22, which are mounted on conductive 
leads 24 and 26, respectively. The conductive leads 24, 26 are brought outside the field 
emission tube 12 through glass-to-metal seals 28. In a preferred embodiment, the field 
emission tube 12 is fabricated from a glass that is suitable for ultrahigh vacuum, and has a 
diameter as small as possible (less than 2 centimeters). Furthermore, the conductive leads 
24, 26 should be as short as possible (less than 2 centimeters) and the conductive leads 24, 26 
need not extend more than 2 millimeters outside of the field emission tube 12. Keeping the 
conductive leads 24, 26 short with respect to the wavelength of the signal minimizes the 
attenuation that is caused by radiation loss and reduces the change in the source impedance 
that is projected to the impedance matching circuit 16. 

[0037] As previously noted, laser-assisted field emission may be carried out using 
one or more lasers. The following description contemplates the use of a single laser that is 
used to modulate or gate the field emission current. During operation of the laser-assisted 
field emission microwave signal generator 10, a laser 30, which is preferably disposed at a 
15° angle with respect to the electron-emitting tip 20, as shown in Fig. 1, is used to irradiate 
the DC-biased electron-emitting tip 20 to gate the current by laser-assisted field emission. 
The diameter of the field emission tube 12 is preferably as small as possible to aid in the 
precise focusing of the laser 30 on the electron-emitting tip 20. A field emission current is 
created by the emission of electrons from the electron-emitting tip 20. The gated field 



- 11 - 



Kunzler & Associates Docket No.: 10S3.2.2 



emission current is coupled from the electron-emitting tip 20 to the impedance matching 
circuit 16, which matches the beam impedance to the load that is attached to the coaxial 
connector 18. 

[0038] In applications such as photomixing, a second laser 3 1 may be provided 
locally. Alternatively, in applications such as heterodyne receiving, the second laser 3 1 may 
be at a transmitter that is located remotely from the laser-assisted field emission microwave 
signal generator 10. In either case, the interaction of the radiation from the first and second 
lasers 30, 31 at the electron-emitting tip creates a field emission current as represented in 
Equation 5. Accordingly, a signal at a frequency equal to the difference between the 
frequencies of the lasers (©i and ©2) is created at the electron-emitting tip. 

[0039] Fig. 2 is an equivalent circuit of a laser-assisted field emission microwave 
signal generator including an L-section narrow-band impedance matching circuit 32. This 
impedance matching circuit 32 is one embodiment of the impedance matching circuit 16 that 
is shown in Fig. 1 . The electron-emitting tip 20 and the collector 22 within the field 
emission tube 12 (Fig. 1) may be modeled as an ideal current source, having a source 
impedance (Rsource) equivalent to the beam impedance, and the load attached to the coaxial 
connector 18 (Fig. 1) may be modeled as Rioad- The L-section narrow-band impedance 
matching circuit 32 includes two reactive components, jX 34 and jB 36, which represent 
series reactance and parallel susceptance, respectively. As will be appreciated by one skilled 
^ 1 1 0 in the art, inductor and capacitor component values can be calculated directly once the 

< g t3 reactance and susceptance have been calculated using Equations 6 and 7. Equations 6 and 7 

p may be simplified as shown because the reactance of the source and the load are negligible, 

and the value of Rsource is much greater than Rioad- 
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source 



Equations 6 and 7 



[0040] Although the equivalent circuit shown in Fig. 2 will provide an impedance 
match between the source impedance of field emission tube 12 and the load attached to the 
coaxial connector 18, this match is very narrow-band because the optimum values for the 
inductive and capacitive components selected for jX 34 and jB 36 vary greatly with the 
frequency of operation. 

[0041] Figure 3 is a diagram of a laser-assisted field emission microwave signal 
generator 10 using a wide-band impedance matching circuit 38. The wide-band impedance 
matching circuit 38 includes an autotransformer 40 that is connected to the conductive lead 
24 and fiuther connected to a DC blocking capacitor 42 that is connected to the conductive 
lead 26, which is grounded. Depending on the range of fi-equencies used, the 
autotransformer may or may not have a ferrite core. The wide-band impedance matching 
circuit 38 also includes a RF choke 1 5 that is connected between a ballast resistor 44 and the 
autotransformer 40. A DC bias voltage supply 14 is connected between the ballast resistor 
44 and ground. A coupling capacitor 17 is used to isolate a coaxial connector 18 fi-om the 



DC bias voltage supply 14 and to provide a low impedance path for high fi-equency signals 
N I < from the autotransformer 40 to the coaxial connector 1 8. 
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[0042] In operation, the DC bias voltage supply 14 negatively biases the electron- 
emitting tip 20 through the ballast resistor 44, the autotransformer 40 and the RF choke 1 5. 
The laser 30 irradiates the electron-emitting tip 20, which modifies the emission of electrons. 
The emission of electrons creates a field emission current that flows fi-om the electron- 
emitting tip 20 down the conductive lead 24 to the autotransformer 40. The coaxial 
connector 18 is coupled through the coupling capacitor 17 to the autotransformer 40, which 
matches the large beam impedance to the load that is attached to the coaxial connector 18. 

[0043] Once again, a second laser 31 may be provided, either locally or remotely, to 
provide a second radiation field that interacts with the radiation fi-om the first laser 30 to 
create a field emission current as modeled by Equation 5. Such interaction creates a signal at 
a fi-equency equal to the difference between the fi-equencies of the first and second sources of 
radiation. 

[0044] Figure 4 is a diagram of a laser-assisted field emission microwave signal 
generator 10 using a coaxial tapered impedance matching circuit 46 that is fabricated from a 
coaxial line having a center conductor 48 and an outer conductor 50, A laser-assisted field 
emission microwave signal generator 10 having a coaxial tapered impedance matching 
circuit 46 is operable over a frequency range from DC to somewhat greater than 10 GHz. 
The center conductor 48 includes an electron-emitting tip 20 that emits electrons to the outer 
conductor 50 when the DC bias voltage supply 14 is apphed to the center conductor 48 and 
the laser 30 irradiates the electron-emitting tip 20. In another embodiment, a second laser 3 1 
may be used in applications such as photomixing or heterodyne receiving. Electron emission 
creates a current that propagates along the center conductor 48. The center conductor 48 is 
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connected to a coupling capacitor 17 that provides a low impedance path to the coaxial 
connector 18. 

[0045] Although the beam impedance at the electron-emitting tip 20 is large, the 
center conductor 48 is tapered to match the beam impedance to the impedance of the load 
that is attached to the coaxial connector 18. At least the electron-emitting tip 20 and part of 
the outer conductor 50 near the electron-emitting tip 20 must be enclosed in an evacuated 
field emission tube 52. In a preferred embodiment, the circumference of the outer conductor 
50 is smaller than a wavelength of the signal to assure single mode operation and to limit 
radiation loss. 

[0046] Fig. 5 is a diagram of a laser-assisted field emission microwave signal 
generator 10 that includes a coplanar transmission line with conducting strips 54 and 56. The 
DC bias voltage source 14, through the RF choke 15, negatively biases conducting strip 54 
with respect to conducting strip 56. An electron-emitting tip 20 is disposed at the end of strip 
54 and a collector 22 is disposed at the end of strip 56. The electron-emitting tip 20 and the 
collector 22 are sealed within an evacuated field emission tube 58. Both of the conducting 
strips 54, 56 are tapered to form an impedance match between a load that is attached to the 
coaxial connector 18, and the beam impedance. As will be appreciated to those that are 
skilled in the art, as a conducting strip such as 54 or 56 is made wider, the capacitance 
between the two strips increases and the inductance decreases, thereby resulting in a lower 
characteristic impedance. Accordingly, near the electron-emitting tip 26 both strips 54, 56 
are narrow and have a high characteristic impedance to match the beam impedance. Portions 
of the conducting strips 54, 56 that are closer to the coaxial connector 18 are wider and, 
therefore, have lower impedance to match the load that is attached to the coaxial connector 
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1 8. Therefore, the tapered strips gradually increase in impedance from the portions near the 
coaxial connector 1 8 to the portions near the electron-emitting tip 20 to match the load that is 
attached to the coaxial connector, to the high beam impedance. 

[0047] As the laser 30 irradiates the electron-emitting tip 20, a field emission current 
flows down conducting strip 54 through the coupling capacitor 17 toward the coaxial 
connector 18. As noted, a second laser 31 may be added for photomixing or heterodyne 
receiving applications. The conducting strips 54, 56 may be fabricated on a substrate and the 
laser 30 may be disposed above the plane of the substrate. The substrate may or may not 
have a ground plane on the opposite side from the conducting strips 54, 56. In another 
embodiment, the conducting strips 54, 56 may be fabricated without a substrate and may be 
supported using membrane technology. In a preferred embodiment, the conducting strips 54, 
56 are spaced much closer than a wavelength of the signal to ensure single mode operation 
and to limit radiation loss. 

[0048] Fig. 6 is an alternate embodiment of a laser-assisted field emission microwave 
signal generator 10 that includes a coplanar line having two conducting strips 60, 62 that are 
negatively biased with respect to a strip 64 by the DC bias voltage source 14 through RF 
chokes 15. The conducting strips 60, 62 each have electron-emitting tips 20 that are sealed 
in an evacuated field emission tube 66 with a portion of the conducting strip 64. The 
electron-emitting tips 20 are irradiated with radiation that is divided by the beam sphtter 68, 



^ ^ S 0 which receives energy from the laser 30. Alternatively, a second laser 3 1 and a second beam 



J < I ^ splitter 69 may be added for photomixing and heterodyne receiving applications. 

§ [0049] hi operation, each of the conducting strips 60, 62 carries the field emission 

current. The conducting strips 60, 62 are tapered to match the beam impedance to the 
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impedance of a balanced output network 70. The field emission current fi-om conducting 
strips 60 and 62 is coupled to the balanced output network 70 through coupling capacitors 
17. 

[0050] Fig. 7 illustrates a physical configuration that may be applied to any of the 
foregoing embodiments. Specifically, two lasers 30, 3 1 maybe disposed at IS"" angles to the 
axis of the electron-emitting tip 20, and mirrors 72, 74 may be disposed opposite the lasers 
30, 31 to reflect the radiation that the lasers 30, 31 emit for intracavity operation. This 
configuration allows the electron-emitting tip 20 to be effectively irradiated multiple times, 
as the radiation passes the electron-emitting tip 20 on its way to the mirror 72, 74, and as the 
energy passes the electron-emitting tip 20 on its way fi-om the mirror 72, 74. In this 
configuration, reflecting surfaces located at the backs of the lasers 30, 31 form open 
resonators with the mirrors 72, 74. In a preferred embodiment, the open resonators are 
formed such that the waist of the beam is located at the electron-emitting tip. This 
configuration provides the electron-emitting tip 20 with significantly more radiation than a 
system not utilizing intracavity operation. 

[0051] In any of the forgoing embodiments, the electron-emitting tip 20 may be 
fabricated fi*om various materials such as tungsten, molybdenum, iridium, titanium, 
zirconium, hafiiium, aluminum nitride, gaUium nitride, diamond-like carbon, molybdenum 
silicide, and refi-actory metal carbides such as zirconium carbide or hafiiium carbide. These 
materials may be used either singly or combined as coatings on the electron-emitting tips. 
The electron-emitting tip 20 may include features such as micro-protrusions, macro- 
outgrowths, or super tips. These features may be created using well-known heating 
techniques, electron deposition, or other techniques known to those skilled in the art. The 
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purpose of these features is to roughen the electron-emitting tip 20 to intensify the local 
electric field, and thus increase the static current density by as much as 20 dB. 

[0052] Of course, it should be understood that a range of changes and modifications 
could be made to the preferred embodiments described above. For example, the impedance 
tapering shown in Figures 4-6 could follow exponential, Gaussian, Dolph-Chebychev or 
Klopfenstein tapers to optimize the usable bandwidth of the taper. Metals such as silver, 
aluminum or gallium may be added to the electron-emitting tip to enhance the local optical 
field through the use of surface plasmons. It is therefore intended that the foregoing detailed 
description be regarded as illustrative rather than limiting and that it be understood that it is 
the following claims, including all equivalents, which are intended to define the scope of this 
invention. 

[0053] The present invention generates a microwave signal fi-om a laser-assisted field 
emission capable of connecting to external devices. The invention enables an electron 
current fi:-om a high-impedance source electrode to couple with a lower impedance connector. 
The present invention may be embodied in other specific forms without departing from its 
spirit or essential characteristics. The described embodiments are to be considered in all 
respects only as illustrative and not restrictive. The scope of the invention is, therefore, 
indicated by the appended claims rather than by the foregoing description. All changes 
which come within the meaning and range of equivalency of the claims are to be embraced 
within their scope. 
[0054] What is claimed is: 
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